B
eing a member of the ABC (ATP-binding cassette) protein superfamily (Riordan et al. 1989) , Cystic fibrosis transmembrane conductance regulator (CFTR) shows the characteristic topology of two transmembrane domains (TMDs), each conjoined to a cytoplasmic nucleotide-binding domain (NBD1 and NBD2). Unique to CFTR, however, is a regulatory (R) domain connecting the two pseudo-symmetrical halves, each composed of a TMD and an NBD (Fig. 1A) . With very few exceptions, members of the ABC transporter family harvest the energy of ATP hydrolysis to drive an uphill movement of a wide varietyof substrates into (importers) orout of (exporters) the cell. ABC importers, present exclusively in prokaryotes, are important for uptake of nutrients (Rees et al. 2009 ). ABC exporters, on the contrary, are found in all kingdoms of life. In humans, phytogenetic analysis classifies 48 ABC proteins into seven subfamilies (ABCA-ABCG) and CFTR belongs to the ABCC subfamily (Dean and Annilo 2005) .
While other members of the ABCC subfamily use the free energy of ATP hydrolysis to export large hydrophobic anions (Leier et al. 1994; Loe et al. 1996) , CFTR is a bona fide ATP-gated ion channel (Anderson et al. 1991a; Nagel et al. 1992) , carrying out the function of passive diffusion of chloride ions (Bear et al. 1992) . However, phosphorylation of the R domain by the cAMP-dependent protein kinase (PKA) is a prerequisite for channel gating by ATP (see below for details). Crystallographic studies of several ABC proteins reveal at least two conformations of the protein: "inward-facing" TMDs with monomeric ATP-free NBDs and "outward-facing" TMDs with dimeric ATP-bound NBDs (Rees et al. 2009 ). A popular model has since been proposed (Fig. 1B) . For ABC exporters, in the absence of ATP, the substrate-binding site in TMDs is accessible from the cytoplasmic side of the membrane; ATP binding triggers dimerization of the two NBDs, which is accompanied by conformational changes of TMDs so that the substrate-binding site now faces the extracellular environment.
Although the cargos for CFTR and ABC exporters differ immensely, a few pieces of evidence support the close evolutionary relationship between CFTR and ABC exporters. First, their TMDs conform to a "6 þ 6" topological fold (Fig. 1A) . Second, crystallographic studies of both prokaryotic and eukaryotic ABC exporters have revealed that TM6 and TM12 line the substrate translocation pathway (Dawson and Locher 2006; Ward et al. 2007; Aller et al. 2009 ). Indeed, numerous experimental data have indicated that both TM6 and TM12 form part of the chloride permeation pathway in the CFTR channel (see below). Third, CFTR's two NBDs show canonical architectures including Walker A and B sequences and an ABC signature motif conserved among all ABC proteins (Lewis et al. 2004 (Lewis et al. , 2005 and, just like other ABC proteins, ATP binding to CFTR's NBDs induces dimerization of the two NBDs in a head-to-tail configuration (Mense et al. 2006 ). Finally, a wealth of data in the literature have indicated the presence of an anion-binding site in the CFTR pore that can accommodate large hydrophobic anionic channel blockers as if this apparent imperfect design of the pore represents an evolutionary vestige of a primordial ABC exporter evolving into an ion channel (Chen and Hwang 2008) .
Based on the ATP-bound configuration of ABC exporters, several homology models of CFTR's "open state" were composed Alexander et al. 2009; Mornon et al. 2009; Norimatsu et al. 2012) . However, these homology models, like their counterparts of ABC exporters, all lack an uninterrupted pathway for ion permeation. Although these structural models make sense for an active transporter, which prohibits simultaneous exposure of the substrate translocation pathway to both sides of the membrane, a lack of continuous diffusive pathway for a presumed "open" channel conformation is troublesome for an ion channel. Several articles published in recent years have proposed that the gate of CFTR is located at the extracellular end of the pore; whereas the gate at the cytoplasmic end is degraded so that atransporter protein can metamorphose into an ion channel Chen and Hwang Simplified topological model emphasizing the domain structure of a CFTR chloride channel, including cytoplasmic amino (N) and carboxyl (C) termini, two nucleotide-binding domains (NBD1, NBD2), the regulatory (R) domain, and the predicted transmembrane domains (TMD1 and TMD2). (B) Alternating access model for the ABC transporter that extrudes its substrate (i.e., exporter). In the apo state of exporters, the configuration of the TMDs is inward facing. The two NBDs are far apart. Once ATP binds to the Walker A and B motifs of the "head" subdomain, two NBDs dimerize in a head-to-tail configuration and this NBD dimerization provides the driving force to flip-flop TMDs so that the substrate binding site is now outward facing.
T.-C. Hwang and K.L. Kirk 2008; Jordan et al. 2008 ). This proposition is supported by a very recent report providing strong evidence that the gate of CFTR is indeed located more to the extracellular part of the pore (Bai et al. 2011; but cf. El Hiani and Linsdell 2010; Wang and Linsdell 2012) .
GATING OF CFTR CHANNELS BY ATP BINDING AND HYDROLYSIS
CFTR channels typically open when ATP docks in the ATP-binding site on each NBD. Unlike classical ligand-gated ion channels (e.g., the nicotinic acetylcholine receptor), CFTR's ligand ATP is consumed during the gating cycle to mediate channel closure. This phenomenon, unique to CFTR, likely reflects the evolutionary relationship of CFTR; an ABC transporter turned an ion channel Chen and Hwang 2008) . It is also interesting that, although NBD2, with all the conserved motifs, is capable of catalyzing ATP hydrolysis, NBD1, in contrast, is degenerated in the head subdomain with several substitutions that abolish its ATPase activity (Aleksandrov et al. 2002; Basso et al. 2003; Stratford et al. 2007 ). Because Mg 2þ is an essential cofactor for enzyme-catalyzed ATP hydrolysis, this evolutionary relationship also provides an explanation for why it is MgATP, not ATP, which gates CFTR effectively (Dousmanis et al. 2002) . Mg 2þ not only helps in ATP binding by interacting with the Walker B aspartate, but is also essential for ATP hydrolysis that plays a major role in closing the channel (Gunderson and Kopito 1994; Hwang et al. 1994; Ramjeesingh et al.1999; Zeltwanger et al. 1999; Vergani et al. 2005; Stratford et al. 2007 ).
The strategies Mother Nature employs to stabilize ATP in the ATP-binding site of an NBD monomer were revealed by crystallographic studies of NBDs from ABC proteins, including those of CFTR (Lewis et al. 2004 (Lewis et al. , 2005 . First, upstream of the Walker A motif, the side chain of an aromatic amino acid (CFTR: NBD1, tryptophan 401 or W401; NBD2, tyrosine 1219 or Y1219) forms a p-electron stacking interaction with the adenine ring of ATP. Second, the positive charge of the Walker A lysine (CFTR: NBD1, K464; NBD2, K1250) forms an electrostatic interaction with the negative charge of the g-phosphate. Third, the side chain of the Walker B aspartate (D572 in NBD1 and D1370 in NBD2 of CFTR) coordinates the Mg 2þ ion. These structural studies of ABC proteins in the past decade (Hung et al. 1998; Diederichs et al. 2000; Gaudet and Wiley 2001; Karpowich et al. 2001; Yuan et al. 2001; Smith et al. 2002; Chen et al. 2003; Schmitt et al. 2003; Verdon et al. 2003; Lewis et al. 2004 Lewis et al. , 2005 have provided rich molecular details that can be applied to facilitate functional exploration of CFTR. For example, Zhou et al. (2006) used site-directed mutagenesis and high-resolution single-channel recording to investigate the contribution of the aromatic residues W401 in NBD1 and Y1219 in NBD2 that interact with the adenine ring of ATP. Their data suggest that the interaction of ATP with NBD2 is critical for channel opening by ATP, whereas the interaction of ATP with NBD1 is less important for channel opening (Zhou et al. 2006) . Similar functional asymmetry of CFTR's two NBDs was observed when the Walker A lysine residues in NBD1 (K464) and 2 (K1250) were mutated (Powe et al. 2002; Vergani et al. 2003) . The critical role of this p-electron stacking interaction between ATP and the binding pocket also explains why pyrophosphate (PPi), a ligand without the adenine ring for this stacking interaction, shows a very low apparent affinity as a channel opener (Tsai et al. 2009 ). Lately, capitalizing on both structural information and bioinformatics, Szollosi et al. (2010) were able to experimentally show an induced fit mechanism following ATP binding to the head subdomain of NBD2 during CFTR gating.
For channel closing, it has long been proposed that hydrolysis of ATP is a prerequisite for fast channel closure as nonhydrolyzable ATP analogs such as AMP-PNP or pyrophosphate (PPi) lock the CFTR Cl 2 channel in a stable open state for tens of seconds in the presence of ATP (Gunderson and Kopito 1994; Hwang et al. 1994) . Moreover, this locked-open phenotype is also observed with ATP as a ligand when hydrolysis is abolished by mutations at residue K1250 or glutamate 1371 (E1371), both essential for effective ATP hydrolysis (Gunderson and Kopito 1995; Ramjeesingh et al. 1999; Zeltwanger et al. 1999; Powe et al. 2002; Bompadre et al. 2005b; Vergani et al. 2005; Stratford et al. 2007) . But is hydrolysis per se closing the gate as suggested by a thermodynamic study of CFTR gating (Csanády et al. 2006) ? Or is it the release of the hydrolytic products that is associated with gate closure (Wang et al. 2009 )? These questions remain to be answered.
Roles of NBD Dimerization in CFTR Gating
Perhaps the most intriguing mystery about CFTR gating is how the channel uses ATP binding and hydrolysis to drive conformational changes. Using mutant cycle analysis, Vergani and her colleagues provided convincing evidence supporting the idea that ATP binding induces the formation of an NBD dimer, which coincides with gate opening (Vergani et al. 2005) . Cross-linking studies also showed that CFTR's two NBDs may form a canonical dimer seen in other members of the ABC proteins (Mense et al. 2006) . If dimerized NBDs represent the open channel configuration, it seems natural to contemplate the idea that separation of the dimer closes the gate (Vergani et al. 2005) , based on the analogous structural information from other ABC proteins (Fig. 1B) . Two recent studies provide experimental evidence contradicting this popular theory.
Using nonhydrolyzable ATP analogs (e.g., PPi or AMP-PNP) as ligands, Tsai et al. (2009) showed that contrary to ATP-gated channels that show an open time of 400 ms (Zeltwanger et al. 1999) , the open time for PPi-opened channels is 30 s (inferred from deactivation rates) when this ligand is applied shortly after removal of ATP, but the open time becomes much shorter ( 1.5 s) if PPi is applied minutes after ATP washout (Tsai et al. 2009 ). Thus, CFTR channels, once primed by ATP, respond to PPi differently depending on the washout time. The two open states distinguished by their respective lifetime of 1.5 s and 30 s demand the presence of two closed states C 1 and C 2 , from which PPi exerts its effects (Fig. 2) .
As the stability of this C 2 closed state is decreased by mutations at the composite site 1 (formed by the head subdomain of NBD1 and the tail subdomain of NBD2), but increased by priming the channel with a high-affinity ATP analog, N 6 -phenylethyl-ATP (or P-ATP), it was proposed that the C 2 closed state contains a partial NBD dimer with the composite site 1 remaining connected by the bound ATP, whereas the composite site 2 is separated after ATP is hydrolyzed. This hypothesis predicts that if one would replace both ATP molecules bound at the NBD dimer interface, two distinct time courses of ligand substitution should occur. Indeed, in a follow-up study, Tsai et al. (2010) showed that on switching the ligand from ATP to P-ATP, a ligand with a higher potency as well as an increased efficacy compared to ATP (Zhou et al. 2005) , open probability (P o ) increases in two steps: an immediate increase of the P o with an increase of the opening rate, and a 30-s delayed increase of the P o with an increased open time (Tsai et al. 2010) . Thus, ATP remains sandwiched between the head of NBD1 and the tail of NBD2 for tens of seconds while the channel has undergone several rounds of the opening/ closing gating cycle.
These studies lead to a new model for the coupling mechanism between NBD motions and opening/closing of the gate in TMDs (Fig.  3) . This model envisages "limited motions" of the NBD dimer in the completion of one catalysis (and gating) cycle. Of note, this model is supported by a report that employed a completely independent approach (Szollosi et al. 2011) . The significance of this new model lies in the fact that all members of the ABCC subfamily possess only one catalysis-competent site in their NBDs. Thus, if these limited motions were shared features of all members of this subfamily, one would have to ask if a complete disengagement of the NBDs is required for all other ABC exporters that hold two catalysiscompetent sites (Fig. 1B) .
Future Perspectives Regarding ATP-Dependent Channel Gating
The discussion above mainly focuses on gating of CFTR by ATP-induced NBD dimerization and hydrolysis-triggered partial or complete separation of the NBD dimer. The model in Figure 3 , derived from years of biochemical and biophysical studies of CFTR gating, is still an oversimplification. For example, there must be several other states existing when the channel is on its way to closure (i.e., O ! C 2 ) because ATP will be hydrolyzed first followed by opening of the dimer interface for the dissociation of hydrolytic products, ADP and Pi. As the O ! C 2 transition proceeds at a fairly fast rate and hence all those putative states are presumably very unstable, capturing these states with any means will be a challenge. Nevertheless, an early report by Gunderson and Kopito (1995) may shed some light on how to pursue in this direction. By scrutinizing their single-channel data, they were able to discern two conductance levels and an uneven distributions of transitions between these two open channel levels, indicating a violation of microscopic reversibility and hence a necessity of an input of free energy-in this case, from ATP hydrolysis (Gunderson and Kopito 1995) . This idea of an infusion of free energy in driving (Csanády et al. 2010) . These investigators showed a paucity of shortlived events that results in an unusual double exponential distributions with a negative component, indicative of a violation of microscopic reversibility. It is interesting to note that in these two pioneering investigations the data imply a strict coupling between the ATP hydrolysis cycle and the gating cycle. A one-to-one stoichiometry between the hydrolysis of one ATP molecule and one opening-closing transition fits nicely with the gating motion proposed for ABC transporters: one TMD-NBD complex moves synchronously on ATP-induced NBD dimerization and hydrolysis-triggered separation of the NBD dimer (Ward et al. 2007; Khare et al. 2009 ).
However, the concept of an obligatory coupling of NBD and TMD motions is not easily reconciled with other experimental data. In particular, it is known that CFTR channels can open, albeit with a very low frequency, in a complete absence of ATP (Bompadre et al. 2005a ). This ATP-independent gating is readily seen with mutants with dysfunctional site 2 (e.g., the G551D mutation) (Bompadre et al. 2007 ), or interestingly constructs that lack the entire NBD2 (Cui et al. 2007; Wang et al. 2007 ). Furthermore, gain-of-function (GOF) mutations that enhance ATP-free CFTR gating and increase the otherwise low activities of constructs that are insensitive to ATP (G551D and NBD-deletion mutants) have been produced (Szollosi et al. 2010; Wang et al. 2010) . ATP-independent gating also can be strongly enhanced by chemically modifying cysteines placed at specific locations in TM 6 (Bai et al. 2010) . These results raise the question of whether NBD/TMD coupling is as tight as proposed.
The aforementioned results also blur the distinction between CFTR channel gating by ATP and the gating of a conventional ligandgated channel by reversible ligand binding and unbinding (e.g., a nicotinic acetylcholine channel). Ligand binding to the latter increases the probability of channel opening but is not absolutely required for the channel to open (Changeux and Edelstein 2005; Purohit and Auerbach 2009) . Unliganded openings are detectable and GOF mutations that increase this activity are possible. GOF mutations for conventional ligand-gated channels typically locate along the axis that links the ligand-binding site to the pore. The GOF mutations/modifications that have been discovered for CFTR locate near the NBD dimer interface (Szollosi et al. 2010) , along the cytosolic loops that connect the NBDs to the TMDs (Wang et al. 2010 ) and within a TM that has been argued to line the pore (Bai et al. 2010) . Thus, the CFTR gating mechanism appears to share features with the gating of conventional ligand-gated channels; notably, unliganded openings and GOF mutations along the axis that links the ligand-binding domains to the pore. Reconciling these properties of CFTR gating with the important role of ATP hydrolysis in channel closing will be essential to developing a complete picture of the CFTR gating process. It is thus safe to say that new approaches are needed to tackle this coupling mechanism that bears ramifications not only on CFTR, but also on ABC proteins at large. In addition, we foresee that understanding CFTR gating at a molecular level will shed light on the mechanism of action for therapeutic reagents such as Vx-770 (Kalydeco or ivacaftor), a recently FDA-approved CFTR potentiator for treating CF patients carrying the G551D mutation (Van Goor et al. 2009; Accurso et al. 2010; Ramsey et al. 2011) .
CFTR REGULATION BY PKA PHOSPHORYLATION
The main stimulus of CFTR activity in vivo is its phosphorylation by cyclic nucleotide-dependent protein kinases (e.g., protein kinase A, or PKA) (Sheppard and Welsh 1999) . Here we discuss the effects of PKA phosphorylation on channel gating, which is the best characterized mode of CFTR regulation by phosphorylation. Protein kinase C (Chappe et al. 2004 ) and AMP kinase (King et al. 2009 ) stimulate and inhibit CFTR activity, respectively, by less well understood mechanisms.
Unphosphorylated CFTR channels open at very low rates, if at all. Channel opening rate in an excised membrane patch is increased by adding PKA catalytic subunit in the presence of MgATP (Mathews et al. 1998; Wang et al. 2000) . Burst duration also increases under highly phosphorylating conditions which implies that one or more PKA sites modulates channel closing (Csanády et al. 2000) . Most of the important PKA sites reside within the large R domain between NBD1 and TM7 (Fig. 4) . This approximately 150 residue domain contains eight dibasic PKA sites plus a number of monobasic sites. At least five of the PKA sites in the R domain (S700, S737, S768, S795, and S813) plus another site in the nearby distal portion of NBD1 (S660) are phosphorylated in vivo (Cheng et al. 1991; Hegedus et al. 2009 ). In general, phosphorylation of the different PKA sites has additive effects on channel activity with no one site being essential. Fifteen sites must be eliminated to create CFTR channels that are completely PKA-insensitive (Seibert et al. 1999; Hegedus et al. 2009 ). Two PKA sites (S737 and S768) are argued to be inhibitory on the basis of the observation that their disruption increases channel activity (Wilkinson et al. 1997; Csanády et al. 2005) . These sites also appear to be phosphorylated by AMP kinase which inhibits CFTR activity possibly under hypoxic conditions (King et al. 2009 ).
How does the R domain regulate gating? The consensus view is that the unphosphorylated R domain inhibits channel opening, an effect that is relieved by its phosphorylation. Rich et al. (1991) discovered that channels that lacked large portions of the R domain were more active in the absence of PKA stimulation. Csanády et al. (2000) subsequently showed that split CFTR molecules that lack the R domain and distal NBD1 (missing residues 634 -836) formed channels with opening rates in the absence of PKA that approached maximal opening rates for fully phosphorylated wild-type channels. These findings confirm that channel opening is strongly inhibited by the unphosphorylated R domain ( perhaps with assistance from distal NBD1). How phosphorylation relieves this inhibition is unclear but the increased negative charge at these sites on phosphorylation appears to be relevant (i.e., replacing serines in PKA sites with acidic residues creates channels that open more frequently in the absence of PKA [Rich et al. 1993] ).
Proposed Mechanisms of CFTR Regulation by PKA
We consider three mechanisms: (1) R domain phosphorylation regulates NBD dimerization; (2) R domain phosphorylation affects gating independently of NBD dimerization perhaps via physical interactions among the R domain, the TMDs, and/or their cytosolic extensions; and (3) phosphorylation of PKA sites within NBD1 modulates NBD1-TMD interactions (Fig. 4) . These mechanisms are not mutually exclusive given the many PKA sites in CFTR.
Mechanism 1
Mense et al. (2006) showed an effect of PKA on NBD dimerization. They observed that (1) split CFTR molecules could be cross-linked by introducing cysteines at the NBD dimer interface predicted from the crystal structures of other ABC transporters, and (2) PKA activation strongly enhanced cross-linking efficiency (confirmed by . Baker et al. (2007) provided additional support for this type of mechanism in an NMR structural analysis of an R domain fragment. This fragment bound to recombinant NBD1 in solution with most of the contact points located at or near PKA sites. PKA phosphorylation of this fragment reduced its binding to NBD1. The investigators proposed that the unphosphorylated R domain inhibits CFTR channel activity by binding to NBD1, which could prevent the NBD dimerization that mediates channel opening. Phosphorylation was argued to relieve this inhibition by reducing its affinity for NBD1. This is a plausible model but it does not account for all aspects of how the R domain controls channel gating (see below).
Mechanism 2
The R domain also regulates channel activity independently of ATP binding or NBD dimerization. As noted earlier CFTR truncation mutants that lack NBD2 show detectable channel activity (Cui et al. 2007 ). Wang et al. (2007 Wang et al. ( , 2010 observed that the channel activity of an NBD2-deletion mutant was strongly dependent on PKA phosphorylation but not ATP binding, an effect that required the R domain. Similarly, G551D -CFTR activity is dependent on PKA phosphorylation but not ATP binding (Bompadre et al. 2007; Wang et al. 2010) . These data indicate that the R domain must regulate more than NBD dimerization. Conceivably, portions of the R domain physically interact in a PKAregulated manner with the cytosolic loops or the TMs with consequent effects on the TM conformational rearrangements that underlie channel gating. The apparent location of the R domain in electrocryomicroscopic images of purified CFTR reported by Zhang et al. (2011) is consistent with this idea. Hegedus et al. (2008) proposed a somewhat related mechanism based on the results of a computational analysis of the R domain. In their model, the R domain regulates the packing or organization of the TM helices by functioning as an "entropic spring" that controls the spacing between NBD1 and TMD2. Phosphorylation, which increases the overall size of the R domain in their simulations, is imagined to change this spacing with concomitant effects on TM packing.
Mechanism 3
The third mechanism is supported by the results of an NMR study by Kanelis et al. (2010) . Although most PKA sites reside within the R domain, several sites exist within NBD1 in CFTRspecific regions termed the regulatory extension (e.g., S660) and the regulatory insertion (S422). Kanelis et al. (2010) observed dynamic interactions between the NBD1 core and these CFTRspecific regions that were inhibited by PKA phosphorylation. In addition, they detected a binding interaction between phosphorylated (but not unphosphorylated) NBD1 and a peptide that mimics a region of cytosolic loop 1 that presumably mediates the coupling between NBD1 and TMD1. The investigators concluded that NBD1 -TMD interactions are dynamic and regulated by PKA phosphorylation (in this case of sites in NBD1). Such a mechanism could operate in parallel with regulation by the R domain to potentiate CFTR activation by PKA.
In summary, PKA phosphorylation may affect channel gating in multiple ways. Most PKA regulation is attributable to the large R domain with its many PKA sites. Conceivably there is a division of labor among these sites; some sites may regulate NBD dimerization and others may more directly regulate TM flexibility or packing via physical interactions with the TMs or their connecting cytosolic loops. But it is also possible that one predominant mechanism exists with other outcomes secondary to this primary mode of regulation. For example, the observed enhancement of NBD1 -NBD2 cross-linking by PKA could be a secondary consequence of a more direct effect of PKA phosphorylation on TM packing. Given that the NBD dimer associates primarily with the channel open state, factors that bias the equilibrium toward the open state should also promote NBD dimerization by allosteric coupling (Kirk and Wang 2011) .
THE CFTR PORE
We noted earlier that the CFTR permeation pathway likely has some similarities to the translocation pathways of other ABC transporters. But CFTR is an ion channel and not a pump, meaning that its pore must remain open to both sides of the membrane to permit anion diffusion down an electrochemical potential gradient. This property of CFTR, coupled with its preference for small anions, means that its permeation pathway cannot be inferred directly from other ABC transporters. Progress in understanding the CFTR pore has been made, however, by (1) characterizing its ion selectivity; (2) developing biophysical models of the pore based on its selectivity; and (3) using site-directed mutagenesis and chemical modification strategies to identify transmembrane helices (TMs), and residues within these TMs, that influence permeation and selectivity. Such TM residues become candidate pore-lining resides (with some caveats) and, as such, offer a first glimpse into how the pore may be structured.
Anion Selectivity
Chloride channels are less selective for different anions than most cation channels are for different cations (e.g., voltage-gated K channels) (Hille 1973) . This difference reflects the necessity of a K channel discriminating between K and the equally abundant Na. The lower selectivity of anion channels means that they can have multiple substrates that are physiologically relevant. Chloride is an important CFTR substrate in tissues that mediate salt and fluid transport such as exocrine glands (Wine and Joo 2004) . CFTRmediated bicarbonate transport also is relevant in pancreatic ducts and the airways (Ishiguro et al. 2009; Kim and Steward 2009 ).
We must be precise when we discuss selectivity measurements. The two common measures of ion selectivity are "relative permeability" and "relative conductance." The permeability and conductance sequences of CFTR are quite different, which underscores the importance of understanding each. A CFTR permeability sequence is SCN . NO 3 . Br . Cl . I . acetate; the corresponding conductance sequence is Cl . NO 3 . Br . acetate . I . SCN (Linsdell et al. 2000; McCarty and Zhang 2001) . Relative conductance may be the more biologically relevant measure because it is an index of "throughput," i.e., the rate of flow (flux) of an ion through the pore per unit driving force. This flux is measured as a current under conditions when the test ion is the only current-carrying species. Relative permeabilities are measured from shifts in reversal potential (voltage at zero current) when a test ion is added to the side of the membrane opposite Cl. Such reversal potential shifts typically are greatest for those ions that enter the pore most easily, not for ions with the greatest throughput. However, permeability ratios do offer insights into how anions vary with respect to their abilities to enter the pore and how they may interact with the pore walls, as discussed below.
Biophysical Models of CFTR Selectivity: Dielectric Tunnels and Low-Grade Selectivity Filters
The CFTR permeability sequence is ordered principally on the basis of the hydration energies of the permeant anions, termed a lyotropic sequence (Borman et al. 1987; Smith et al. 1999) . This indicates that pore entry is dominated by the energy required to remove the ion from water. What about translation through the pore? Dawson and colleagues (Smith et al. 1999; Liu et al. 2003) showed mathematically that, on the basis of its permeability sequence and the known hydration energies of its permeant anions, the CFTR pore can be modeled as a "dielectric or polarizable tunnel" for which no specific interactions between the permeant anions and the pore walls need occur. The only requirement for this conceptual tunnel is that it has a dielectric constant (index of charge screening) intermediate between water (ca 80) and lipid (,5) ; namely, about 20 for the CFTR pore. Selectivity arises because those anions that partition more effectively into the pore from water (e.g., SCN) also reside longer on average within the pore (bind more tightly) because of a greater difference between their interaction energies with water (hydration energies) and with the lower dielectric pore interior (solvation energies). To a first approximation this bias-type selectivity mechanism (Smith et al. 1999) describes how permeant anions traverse the CFTR pore with of course the limit that some anions are too big to pass through the pore in the first place (Alexander et al. 2009 ).
This argument does not exclude the possibility that permeant anions physically interact with pore-lining residues in ways that influence CFTR selectivity. There is good evidence for a narrowing of the CFTR pore that is lined by residues that physically interact with anions as they traverse the channel. This evidence comes from mutational and chemical modification studies of the various TMs with TM6 generating the most enthusiasm. CFTR may have a sort of low-grade selectivity filter-not on a par with the selectivity filters of voltage-gated K channels (Jiang et al. 2003 )-but influencing anion selectivity nonetheless.
Pore-Lining TMs
TM mutagenesis experiments were first performed by Anderson et al. (1991b) to determine if the newly cloned CFTR cDNA encoded an anion channel. By mutating two lysines in predicted TMs 1 and 6 (K95 and K335) to acidic residues they altered the relative halide permeability sequence of the cAMP-activated current in CFTR-expressing cells. This was the strongest evidence at the time that CFTR is an anion channel. However, these results do not mean necessarily that K95 and K335 form part of a selectivity filter or even line the pore. A caveat in this sort of analysis is the possibility that an engineered mutation indirectly affects pore architecture. In this regard, K95 substitutions have multiple, complicated effects on permeation. K95 has been argued more recently to attract anions into the pore from the cytosol by residing near the entrance to the pore (inferred from strong voltage-dependent rectification of macroscopic currents for certain K95 mutants) (Linsdell 2006; Zhou et al. 2010) . Some K95 mutations (e.g., K95S) also markedly decrease single channel conductance at both depolarizing and hyperpolarizing voltages (Zhou et al. 2010) , which implies an effect on pore structure separate from a charge-attracting role for K95.
With the difficulty in interpreting K95/ TM1 data as a cautionary tale, we return to TM6 for which a consensus view has emerged. Linsdell et al. (2000) first reported that mutations at residues F337 and T338 in TM6 strongly affected the permeability sequence. Those findings were extended by testing additional TM6 mutants Ge et al. 2004 ) and by using cysteine scanning to explore the accessibility of TM6 residues (Alexander et al. 2009; Bai et al. 2010; El Hiani and Linsdell 2010) . Alexander et al. (2009) compared the effects of two types of reactive compounds on a series of TM6 cysteine mutants: large methanethiosulfonate (MTS) compounds that are not expected to traverse the pore and smaller pseudohalides that both traverse the CFTR pore and are thiol reactive (Ag(CN) 2 and Au(CN) 2 ). The impermeant MTS reagents reacted with cysteines at positions 331 to 338 but no deeper into the pore when added to the extracellular side. Conversely, the permeant pseudohalides reacted with cysteines positioned along the entire length of TM6 (to 353). These results confirmed that TM6 residues line the pore and strongly supported the proposed narrowing near position 338 from the extracellular end of the pore (Linsdell et al. 2000; McCarty and Zhang 2001) . On the other hand, applying bulky MTS reagents from the cytoplasmic side of the channel identified position 341 as the accessibility limit (Bai et al. 2010; El Hiani and Linsdell 2010) . Thus, it appears that the pore is constructed with two fairly accessible internal and external vestibules with a "bottleneck" that traverses only one helical turn (Norimatsu et al. 2012 ).
What about the other TMs? We noted above the evidence (with caveats) for a role for TM1. TMs 5, 11, and 12 also have been argued to contribute to the pore based on mutagenesis and cysteine scanning results (Zhang et al. 2000a,b; Fatehi and Linsdell 2009 ). Recent results from systematic cysteine scanning studies not only suggest that TM12 assumes an a-helical secondary structure, but also support the idea that TM12 is part of the pore-forming domain (Bai et al. 2011; cf. Qian et al. 2011 ). This latest study also provides new evidence supporting the evolutionary relationship between the CFTR channel and ABC exporters. First, the pattern of state-dependent accessibility for MTS reagents suggests that, during gating transitions, TM12 undergoes a rotational movement, which has long proposed to be part of the molecular motions for ABC transporters (Rosenberg et al. 2001; Gutmann et al. 2010) . Second, using MTS reagents with different sizes, Bai et al. (2011) showed that the opening of CFTR's gate is associated with a narrowing of the cytoplasmic entrance of the pore-a result that makes sense if CFTR's gating conformational changes involve movements that are analogous to the flip-flop motion seen in ABC transporters (cf. Wang and Linsdell 2012) . As more experimental and structural data emerge (Norimatsu et al. 2012) , which TMs contribute to the CFTR pore will become clearer.
CFTR Pore Blockers and Vestibules
CFTR is blocked from the cytosolic side by a diverse group of large organic anions that include a number of commonly used anion channel inhibitors (e.g., glibenclamide) (McDonough et al. 1994; Zhang et al. 2000b; Zhou et al. 2002) . The large sizes of some of these blockers and the voltage-dependence of their block indicate the existence of a large intracellular vestibule near the pore entrance (Fig. 5) . This vestibule appears to be lined by positively charged residues given that blocker efficacy is reduced by mutating several basic residues in the cytosolic regions of the TMs (e.g., K95, R303, and R352) (Linsdell 2005; St. Aubin and Linsdell 2006; Zhou et al. 2010 ). As noted above, the interpretation of such results is complicated by possible effects of mutations on pore structure. In this regard, R352 in TM6 has been proposed to form a salt bridge with D993 in TM9 that stabilizes the open channel conformation ). However, overall, the existing data support the concept of a large, positively charged intracellular vestibule. This charged vestibule should increase the "capture radius" of the pore (Smith et al. 1999) and attract anions to the pore entrance. A similarly charged (but smaller) extracellular vestibule has been proposed to facilitate anion entry from the cell exterior (Smith et al. 2001) .
In summary, we have a rudimentary understanding of the pore based on biophysical studies and mutational analyses (Fig. 5) . A stringent selectivity filter is not required to explain the CFTR permeability sequence, which is ordered primarily by the hydration energies of the permeant ions. The pore appears to have a narrow region near residues 337-341 in TM6 that may function as a low grade selectivity filter. Positively charged, asymmetric vestibules at the intracellular and extracellular sides attract anions to the pore entrances to facilitate anion permeation.
CONCLUDING REMARKS
The unique duality of CFTR as an ATP-gated channel with an intrinsic enzymatic activity that regulates channel closure has fascinated many investigators. Valuable insights and predictions into how CFTR channel gating is regulated by ATP binding, NBD dimerization, and ATP hydrolysis have come from recent structural information for its cousins, the ABC exporters. Some features of CFTR channel function are not so easily predicted from the structures of other ABC transporters, however. These more CFTR-specific issues include (1) how phosphorylation of its unique R domain regulates gating; (2) how an anion-selective pore is created from the body plan of an ABC transporter; and (3) the emerging evidence that CFTR gating shares common principles with conventional ligandgated channels. Resolving the latter issues cannot be achieved solely by borrowing structural information from other ABC transporters. Instead, they await the development of new approaches and tools including high-resolution structures of CFTR per se. As the first drug that targets specifically CFTR gating is in the clinics, mechanistic understanding of CFTR gating will not only shed light on how CFTR potentiators rectify gating defects caused by disease-associated mutations, but also pave the way for the development of complementary strategies for curing cystic fibrosis.
